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Introduction

63
The obligate intracellular malaria parasite Plasmodium falciparum resides within a 64 parasitophorous vacuole (PV) established during host cell invasion which constitutes the Prompted by the high representation of EXP1 in our BioID2 datasets, we used Cpf1 editing to (CAGCTGTTTAGTGTTCAGTGCCAC and GTGTTCAGTGCCACTTACGAGGTT) and each gRNA seed sequence was synthesized as a sense and anti-sense oligo pair for AsCpf1
For generation of the ETRAMP10.2 apt and ETRAMP5 apt lines bearing a 3xHA fusion, a using a QuikChange Lightning Multi Site Directed Mutagenesis kit and the primer P71, resulting in the plasmid pyEOE-attP-EXP1-R70T-3xMYC. Finally, the mNeonGreen coding sequence mNeonGreen-3xMYC. Complementing plasmids were co-transfected with pINT (37) into 237 EXP1 apt parasites to facilitate integration into the attB site on chromosome 6 and selection with 238 2 µM DSM1 was applied 24 hours post-transfection (in addition to 2.5 µg/ml Blasticidin-S and 239 1µM aTc for maintenance of endogenous exp1 control by the TetR-DOZI-aptamers system).
240
Parasites were cloned when they returned from selection and expression of EXP1 second 241 copies was confirmed by Western blot.
242
For targeting mRuby3 to the PV, the exp2 promoter and signal peptide were amplified 243 from NF54 attB genomic DNA with primers P74/P75 and inserted between AatII and NheI in 244 plasmid pyEOE-attP- , replacing the hsp86 promoter and exp2 coding 245 sequence. The mRuby3 coding sequence was then PCR amplified from pLN-HSP101-SP-246 mRuby3 (21) using primers P76/P77 and inserted between NheI and EagI, replacing the 3xMYC 247 sequence and resulting in the plasmid pyEOE-attP-EXP2-5'UTR-SP-mRuby3. This plasmid was 248 co-transfected with pINT (37) into EXP1 apt parasites, selection was applied 24 hours post-249 transfection with 2µM DSM1 and parasites were cloned upon returning from selection.
250
To monitor EXP2 by live fluorescence in EXP1 apt , an endogenous mNeonGreen fusion to 251 EXP2 was generated by co-transfecting EXP1 apt with plasmids pyPM2GT-EXP2-mNeonGreen 252 (29) (linearized at AflII) and pUF-Cas9-EXP2- . Selection was applied 24 hours 253 post-transfection with 2µM DSM1 and parasites were cloned upon returning from selection. The following antibodies were used for immunofluorescence assays (IFA) and western blot 288 (WB) analysis at the indicated dilutions: mouse anti-HA monoclonal antibody HA.11 (Covance; 289 1:500 WB); rabbit polyclonal anti-HA SG77 (ThermoFisher; 1:500 IFA and WB); mouse anti-290 Flag monoclonal antibody clone M2 (Sigma; 1:300 IFA); mouse anti-EXP1 monoclonal antibody 291 (20) (1:500 WB); mouse anti-EXP2 monoclonal antibody clone 7.7 (40) (1:500 IFA and WB); 292 rabbit polyclonal anti-SBP1 (41) (1:500 IFA); mouse anti-cMYC monoclonal antibody 9E10 293 (ThermoFisher; 1:166 IFA and WB); rabbit polyclonal anti-Plasmodium Aldolase ab207494 294 (Abcam; 1:500 WB).
296
Western blot
297
Western blots were carried out as previously described (14) 
330
For IFAs, cells were fixed with a mixture of cold 90% acetone and 10% methanol for 2 minutes, 331 except for export assays where fixation was carried out with room temperature 100% acetone 332 for 2 minutes, and processed as described (9). For detection of biotinylated proteins, 702 mono camera and Zen 2.6 Pro software (Zeiss) using the same exposure times for all images across sample groups and experimental replicates.
338
Quantification of protein export 339 IFA analysis of protein export was performed as described (14) except that image quantification 340 was carried out using the Image Analysis module in Zen 2.6 Pro (Zeiss). The border of each 341 single-infected RBC was traced using the DIC channel as a reference and the PVM was marked 342 using the "Segment by Global Thresholding" tool for the HSP101-3xFLAG-488 channel (low and 343 high thresholds set at 600 and 16,383 respectively and the Fill Holes option enabled). The 344 signal corresponding to exported SBP1 was determined by removing any SBP1 signal within the 345 PVM from the total SBP1 signal in each cell. Individual Maurer's clefts were identified using the 346 "Dynamic Thresholding" tool for the SBP1-594 channel (smoothing set to 7, threshold set to -347 500, minimum area set to 10 and the Watersheds option enabled with count set to 1) and 348 removing puncta within the PVM boundary from the total SBP1 puncta within each cell. 
380
To probe the protein content of the PV/PVM, we attempted to fuse the BioID proximity 381 labeling system to the endogenous EXP2 protein. However, repeated attempts to generate an unsuccessful. Endogenous EXP2 can tolerate a monomeric NeonGreen (mNG, 27 kDa) fusion attempted fusion with the second generation BioID2 derived from Aquifex aeolicus ( Figure 1A ).
BioID DNA-binding domain is not compatible with EXP2 function. As an additional probe, we 392 also generated parasites with an endogenous HSP101-BioID2 fusion ( Figure 1A,B ). As EXP2 393 appears to be expressed at a stoichiometrically higher level than HSP101 and a fraction of 394 24, 26) , we reasoned that these two fusions would similarly Figure 1C ).
402
Overall biotinylation levels were higher in EXP2-BioID2 lines which may reflect the higher level 403 of EXP2 expression relative to HSP101 (14). Although streptavidin-labeled banding patterns 404 were distinct between the EXP2-BioID2 and HSP101-BioID2 lysates, both lines showed several 405 strongly labeled bands migrating at molecular weights consistent with other PTEX components 406 ( Figure 1C , arrowheads). As expected, the most strongly labeled band in each lysate 407 corresponded with the BioID2-3xHA fusion. Notably, a band migrating at ~23 kDa displayed 408 prominent labeling in both lines ( Figure 1C , arrow).
409
To identify labeled proteins, synchronized parasite cultures were supplemented with 200 mass spectrometry to identify biotinylated proteins. Mass spectrometry datasets from two normalized spectral abundance factor (NSAF) identified in both EXP2-BioID2 and HSP101-BioID2 included protein export machinery (PTEX and EPIC (42) complexes) and other proteins 418 known to reside in the PV lumen, exported proteins and the PVM membrane proteins EXP1 and 419 ETRAMP10.2 (Table 1) . Beyond the top ~10% of each dataset, many additional known PV/PVM 420 and exported proteins were identified (Table S2 ).
421
EXP1 and ETRAMP10.2, both single-pass PVM membrane proteins with similar 422 expression timing to EXP2 ( Figure S1B ), ranked particularly high across all BioID2 experiments.
423
When Western blots of lysates from EXP2-BioID2 and HSP101-BioID2 were probed with an 424 anti-EXP1 monoclonal antibody, the signal coincided with the prominent ~23 kDa band labeled 425 by streptavidin (EXP1 is known to migrate at 23 kDa, higher than its predicated molecular 426 weight of 14.7 kDa following signal peptide cleavage (43)), consistent with the high level of 427 EXP1 representation in the BioID2 proteomics ( Figure 1E ). ETRAMP5, another member of this 428 group, was also well represented (though not consistently among the top hits). The functions of 429 ETRAMP10.2, ETRAMP5 and EXP1 are not known. Given their high level of representation 430 implying particular abundance and/or an intimate proximity to EXP2/PTEX, we focused on 431 functional characterization of these three proteins.
433
Efficient genome editing in P. falciparum with Cpf1/Cas12a 434 CRISPR/Cas9 genome editing technology has been rapidly adapted for manipulation of 435 P. falciparum. A limitation of Cas9-mediated editing is the requirement for a "GG" in the 436 protospacer adjustment motif (PAM), as such sites are comparatively rare given the high A+T Cpf1 (CRISPR from Prevotella and Francisella, also known as Cas12a) has recently emerged to 6X, data not shown). Partial truncation of 3' aptamers rapidly diminishes translational control (31) and anhydrotetracycline (aTc) washout did not result in measurable knockdown ( Figure   466 S2C,D), thus ETRAMP10.2 and ETRAMP5 were not pursued further in this study. Collectively,
467
these results indicate Cpf1 editing of the P. falciparum genome is equally efficient to Cas9 with 468 Cpf1 offering many additional gRNA targets owing to its T-rich PAM requirement.
470
Lethal EXP1 knockdown with a dual aptamer strategy
471
To query EXP1 function in PV biology, we employed a dual aptamer TDA strategy using 472 a linear plasmid system to replace the endogenous exp1 coding sequence in an NF54 attB 473 parasite line bearing a 3xFLAG tag on the endogenous hsp101 gene (10, 14) . This was 474 accomplished by LbCpf1 editing to introduce an aptamer just upstream of the start codon and a 475 10X aptamer array just downstream of the stop codon ( Figure 3A and Figure S3A ,B).
476
Installation of 5' aptamers has been shown to reduced baseline expression even in the 477 presence of aTc (14) and the resulting EXP1 apt parasites showed 87.5±7.2% reduction in EXP1 478 expression and a growth defect relative to the parent line ( Figure 3B ,C). Removal of aTc further 479 reduced EXP1 levels (99.3±0.4% knockdown relative to parent by probing with anti-EXP1 and 480 65.9±3.1% relative to EXP1 apt +aTc by probing with anti-HA) and resulted in a complete block in 481 parasite growth, indicating EXP1 is required for intraerythrocytic development ( Figure 3B ,C).
482
As a complement to the titratable translational control afforded by the TDA system and 483 to simultaneously provide a parallel option for conditional knockout, we also engineered the 484 donor plasmid to place loxP sites around the recoded exp1 gene and inserted cassettes for 485 expression of the rapamycin-inducible dimerizable Cre recombinase (DiCre) downstream of the 486 modified exp1 locus ( Figure S3A ). Treatment of EXP1 apt cultures with rapamycin induced the 487 expected excision event as gauged by diagnostic PCR but produced only modest impact on detectable in these cultures even when parasites were grown for several days with rapamycin, the PVM ( Figure 4D ). To our surprise, the R70T mutant also provided substantial rescue upon knockdown of endogenous EXP1 (percent growth rate in -aTc relative to +aTc control was 516 46.21±6.05% in R70T-3xMYC compared with 67.63±7.36% in WT-3xMYC), suggesting that 517 GST activity cannot fully explain the in vivo function of EXP1 ( Figure 4C ).
519
Depletion of EXP1 results in late cycle arrest and PV/PVM morphological abnormalities 520 While EXP1 expression peaks about midway through the intraerythrocytic development 521 cycle ( Figure S1B ), EXP1 has been localized to merozoite dense granules and is thus expected 522 to be delivered to the PVM immediately following RBC invasion and accumulate to peak levels Figure 5A ). We compared these developmental defects with those following 531 inactivation of protein export and PVM channel activity in EXP2 apt , an EXP2 conditional mutant 532 that we previously generated using the same dual aptamer TDA approach (14). EXP2 apt 533 parasites grown without aTc arrested at an earlier trophozoite stage that was distinct from 534 EXP1-depleted parasites, suggesting EXP2-dependent transport activities are not impacted by 535 loss of EXP1 ( Figure 5B ).
536
To directly test this, we monitored protein export beyond the PVM in EXP1 apt and 537 EXP2 apt parasites using the above experimental design of removing aTc from synchronized, 538 purified trophozoites and then analyzing export by IFA at the midpoint of the following cycle. no defect in SBP1 export was observed following knockdown of EXP1 ( Figure 5C,D) . Rather, structures beyond the PVM) per infected RBC ( Figure 5C ). While the basis for the apparent 544 increase in exported SBP1 signal is unclear, these results clearly indicate EXP1 is not required 545 for protein export.
546
To better understand the impact of EXP1 depletion in late stage parasites, we next 
558
In EXP1 apt parasites that displayed increased separation between PVM and PPM, the 559 enlarged PV lumen often showed equivalent density with the host cytosol, possibly indicating a 560 broken vacuole ( Figure 6C ,E). To ascertain if PVM integrity was compromised following EXP1 561 knockdown, we fused a signal peptide to the fluorescent protein mRuby3 to target it to the PV 562 and expressed it under the control of the exp2 promoter in the EXP1 apt line. Parasites depleted 563 of EXP1 continued to show concentrated mRuby3 signal at the cell periphery, indicating the
EXP1 is required for proper organization of EXP2 in the PVM
To further investigate alterations in the PV, we evaluated the impact of EXP1 knockdown 568 on other PVM proteins. As expected from the observation that protein export remains 569 operational in EXP1 apt , depletion of EXP1 did not substantially alter EXP2 levels ( Figure 7A ). To 570 monitor EXP2 distribution in EXP1 apt parasites, we introduced a C-terminal mNG fusion on the 571 endogenous copy of EXP2 and imaged parasites at a late stage corresponding with 572 developmental arrest. Live fluorescent analysis of a parental EXP2-mNG control line with an 573 unmodified exp1 locus (29) showed a punctate distribution at early stages that often resolved 574 into several larger patches in trophozoites and schizonts ( Figure 7B ). In contrast, EXP2 575 distribution was substantially altered in EXP1 apt ::EXP2-mNG parasites, often concentrating into 576 one or two discrete points along the PVM ( Figure 7B ). To quantify this altered localization of 577 EXP2-mNG, BODIPY-TR-Ceramide labeling was used as a guide to trace the PVM and collect 578 EXP2-mNG signal along the PVM circumference ( Figure 7B ). Analysis of these PVM traces 579 showed that the number of discrete EXP2 signal patches around the PVM was significantly 580 reduced in EXP1 apt parasites with EXP2 signal concentrated into a smaller proportion of the 581 PVM circumference (Figure 7C,D) . These results show that although EXP2 function is 582 preserved following depletion of EXP1, its organization in the PVM is drastically altered. 
629
An in silico approach to discovery of gene function through analysis of gene 630 relationships over large evolutionary distance suggested EXP1 may be a membrane GST (20) . 
638
we found that a version of EXP1 bearing an R70T mutation, which reduced recombinant EXP1
639
GST activity more than fivefold in vitro, can rescue parasite growth ~70% as well as the wild 640 type protein upon knockdown of endogenous EXP1 ( Figure 4C ). These results strongly suggest Known essential functions that manifest defects at the PVM include inactivation of protein export and small molecule transport following knockdown of PTEX components (8, 9, analyzed the data. J.R.B. oversaw the project and wrote the manuscript. All authors discussed 698 and edited the manuscript. 
712
BioID2 and HSP101-BioID2 datasets. All proteins identified in untagged negative controls were 713 removed from the BioID2 datasets and remaining proteins that were present in both 714 independent replicates of EXP2-BioID2 or HSP101-BioID2 were used to generate the diagram.
715
(E) Western blot as in (C) probed with anti-EXP1 to show correspondence with prominent ~23 716 kDa band. Molecular weight after signal peptide cleavage is predicted to be 14.7 kDa for EXP1.
717
Note that EXP1 is observed to migrate at a higher molecular weight than predicted. Molecular weights after signal peptide cleavage are predicted to be 61.2 kDa for EXP2-BioID2-3xHA and 130 kDa for HSP101-BioID2-3xHA. Arrowheads from top to bottom indicate bands expected to correspond to untagged PTEX150 and HSP101. Arrow indicates prominent band at ~23 kDa. (D) Ven diagram summarizing overlapping and distinct proteins detected in EXP2-BioID2 and HSP101-BioID2 datasets. All proteins identified in untagged negative controls were removed from the BioID2 datasets and remaining proteins that were present in both independent replicates of EXP2-BioID2 or HSP101-BioID2 were used to generate the diagram. (E) Western blot as in (C) probed with anti-EXP1 to show correspondence with prominent ~23 kDa band. Molecular weight after signal peptide cleavage is predicted to be 14.7 kDa for EXP1. Note that EXP1 is observed to migrate at a higher molecular weight than predicted. Aldolase serves as a loading control. Molecular weight after signal peptide cleavage is predicted to be 20.9 kDa for EXP1-3xHA-GFP11. Note that EXP1 and derivative fusions are observed to migrate at a higher molecular weight than predicted. Western blot of parent, EXP1 apt and complemented lines. Two independently complemented lines were generated with each construct and are designated A or B. Aldolase serves as a loading control. Molecular weights after signal peptide cleavage are predicted to be 18 kDa for EXP1-3xHA, 19.2 kDa for EXP1-WT-3xMYC and EXP1-R70T-3xMYC and 46.2 kDa for EXP1-mNG-3xMYC. Note that EXP1 and derivative fusions are observed to migrate at a higher molecular weight than predicted. (C) Growth analysis of complemented EXP1 apt lines with or without aTc. The scatter plot shows the slope of the line fitted to the mean of log2-transformed parasitemias for four (EXP1-WT-3xMYC), five (EXP1-R70T-3xMYC) or six (EXP1-mNG-3xMYC) independent experiments. Means from independently generated lines complemented with the same version of EXP1 were pooled and are distinguished by different symbols (circles and triangles). Error bars indicate SEM. P values were determined by an unpaired, two-sided Student's t-test. (D) Immunofluorescence assay of EXP1 apt complemented lines. Scale bars are 5 µm. grown without aTc and EXP1 apt parasites grown 48 hours with or without aTc. Aldolase serves as a loading control. Molecular weights after signal peptide cleavage are predicted to be 30.8 kDa for EXP2 and 18 kDa for EXP1-3xHA. Note that EXP1 and derivative fusions are observed to migrate at a higher molecular weight than predicted. (B) Live fluorescent images of EXP2-mNG and EXP1 apt ::EXP2-mNG parasites grown 48 hours with or without aTc. Merged images include EXP2-mNG signal in green together with DIC and BODIPY TR Ceramide signal in red used to trace the PVM. Scale bars are 2 µm. The corresponding histograms of EXP2-mNG signal along the PVM trace are shown for each cell. Dashed line is the mean of the minimum and maximum EXP2-mNG signal intensity. (C) Quantification of the number of discrete peaks of EXP2-mNG signal exceeding the mean signal threshold as shown in (B) for EXP2-mNG and EXP1 apt ::EXP2-mNG parasites grown 48 hours with or without aTc. Data are pooled from three independent experiments and n is the number of individual parasites. Boxes and whiskers delineate 25 th -75 th and 10 th -90 th percentiles, respectively. P values were determined by an unpaired, two-sided Student's t-test. (D) Graph showing the minimum distance along the PVM (given as a percent of total PVM length) containing the indicated amounts of EXP2-mNG fluorescent signal (given as percent of total EXP2-mNG signal per trace) in EXP2-mNG and EXP1 apt ::EXP2-mNG parasites grown 48 hours with or without aTc. Data points are means from three independent experiments fitted to a smooth line.
Figure S1: Generation of the EXP2-BioID2 fusion line and expression profiles of select hits. (A)
Western blot of parent and EXP2-BioID2-3xHA parasites. Molecular weights after signal peptide cleavage are predicted to be 30.8 kDa for EXP2 and 61.2 kDa for EXP2-BioID2-3xHA. (B) Transcript fold change throughout intraerythrocytic development assessed by transcriptomic analysis of synchronized P. falciparum 3D7 parasites for EXP2, HSP101, EXP1 and select ETRAMP family members. Data are from RNAseq analysis by Otto and colleagues (75). Genes with similar expression pattern to exp2 are shown in color. (C) Ven diagram summarizing overlapping and distinct proteins detected in EXP2-BioID2, HSP101-BioID2 and SP-GFP-BirA* datasets (50). Data from Khosh-Naucke et al 2018 was processed in the same way as the BioID2 datasets in this study by pooling SP-GFP-BirA* mass spectrometry datasets obtained from saponin supernatant and pellet fractions and removing all proteins identified in 3D7 negative controls. Figure S2: Genome editing of exp1, etramp10.2 and etramp5 with Cpf1. (A) Western blot of parent and EXP1-3xHA-GFP11 fusion parasites generated with AsCpf1 or LbCpf1 and gRNA2 as shown in Figure 2A but expressed from the selectable pUF-AsCpf1 or pUF-LbCpf1 plasmids that contain a yDHODH cassette. Aldolase serves as a loading control. Molecular weight after signal peptide cleavage is predicted to be 20.9 kDa for EXP1-3xHA-GFP11. Note that EXP1 and derivative fusions are observed to migrate at a higher molecular weight than predicted. (B) Schematic showing strategy for double homologous recombination repair of double-strand breaks mediated by Cpf1 at the 3' end of the etramp10.2 and etramp5 genes to install a 3xHA fusion and 3' TetR-DOZI-aptamers. 3' UTR, 3' untranslated region; yDHODH, yeast dihydroorotate dehydrogenase. (C,D) Sequence of the 3' end of etramp10.2 or etramp5 with Cpf1 gRNA target indicated. Successful integration mediated by AsCpf1 to generate a 3' fusion to 3xHA is shown by diagnostic PCR with primers indicated in the schematic and by Western blot of ETRAMP10.2 apt and ETRAMP5 apt parasites grown with or without 1µM aTc for 96 hours. EXP2 serves as a loading control. Molecular weight after signal peptide cleavage is predicted to be 39.6 kDa for ETRAMP10.2-3xHA and 19.6 kDa for ETRAMP5-3xHA. Similar to EXP1, both ETRAMP10.2-3xHA and ETRAMP5-3xHA are observed to migrate at a higher molecular weight than predicated. PAM, protospacer adjustment motif.
Figure S3
: Generation of EXP1 apt parasites and analysis of DiCre-mediated exp1 excision. (A) Schematic for strategy used to replace the endogenous exp1 coding sequence with a recoded version of exp1 with TDA and DiCre elements by Cpf1 editing and double homologous recombination. (B) Diagnostic PCR with primers indicated in the schematic in (A) showing successful integration at the 5' and 3' ends of the exp1 locus in EXP1 apt parasites. The absence of the product in EXP1 apt using primers P65/P67 is likely due to the very large amplicon size. (C) Schematic of exp1 locus following excision between loxP sites by DiCre. The pEXP1 apt plasmid was designed so that DiCre excision of the modified locus would place the promoter-less mruby3 coding sequence under the control of the endogenous exp1 promoter. (D) Growth analysis of parental and EXP1 apt parasites with or without 1 µM aTc or with and without 100 µM or 250 µM rapamycin. The scatter plot shows the slope of the line fitted to the mean of log2transformed parasitemias for each of three independent experiments. Error bars indicate SEM. (E) Diagnostic PCR for exp1 excision by DiCre with primers indicated in the schematics.
